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The s tu d y  o f  b io c h e m ic a l  d i f f e r e n t i a t i o n  in c lu d e s  
the  problem of c o r r e l a t i n g  enzymes and th e  p ro du c ts  o f  
enzyme a c t i o n  w i th  m o rph o log ica l  changes dur ing  develope- 
ment. I t  a t t e m p t s  t o  e x p l a i n  d i f f e r e n t i a t i o n  i n  terms 
of  th e  g ra d u a l  e s t a b l i s h m e n t  o f  s p e c i f i c  enzyme p a t ­
t e r n s  and i n  terms o f  the  s e q u e n t i a l  a ccu m u la t io n  o f  
s u b s t r a t e s  and p ro d u c t s  f i n a l l y  found  i n  the  c h a r ­
a c t e r i s t i c  c e l l  t y p e s  of  t h e  mature  organism.
B iochem ica l  d i f f e r e n t i a t i o n  w i l l  be b r o a d ly  d e f in e d  as 
t h e  i n t r i n s i c  developement  o f  a l t e r a t i o n s  i n  the  
enzym at ic  a c t i v i t i e s  o f  a c e l l  ( 5 8 ) .
A r t h r o b a c t e r  c r y s t a l l o p o i e t e s  i s  a b a c te r iu m  which 
undergoes s p h e r e - r o d  m o rphogenes is .  I t s  l i f e  cycle  c o n s i s t s  
of the  g e rm in a t io n  of  c o c c o id a l  c e l l s  fo l lo w ed  by a p e r io d  
of  ro d - d e v e lo p e m e n t . This  i n  t u r n  i s  fo l lo w ed  by c r o s s ­
septum f o r m a t io n ,  r o d - f r a g m e n t a t i o n ,  and e v e n tu a l  p ro d u c t io n  
of new c o c c o id a l  c e l l s .
The advantage  o f  u s ing  A. c r y s t a l l o p o i e t e s  as  a 
to o l  f o r  s tu d y in g  c e l l u l a r  d i f f e r e n t i a t i o n  i s  t h a t  
A r t h r o b a c t e r  has  a r e l a t i v e l y  s im ple  l i f e  c y c l e .  I n  a d d i ­
t i o n ,  t h e  l i f e  c y c le  i s  synchronous ,  can be completed w i t h in
1
2
30 h r s ,  and i s  s u b j e c t  to  m a n ip u la t io n  by a v a r i e t y  o f  d i f ­
f e r e n t  compounds. T h e r e fo r e  a s tu d y  was u n d e r t a k e n  to  
d e te rm in e ,  i n  p a r t ,  t h e  enzym atic  c o n t r o l  of  s p h e r e - r o d  
m o rp ho g en e s i s .
As a r e s u l t  o f  d e t e r m i n a t i o n  o f  changes i n  enzyme 
a c t i v i t i e s  o f  A. c r y s t a l l o p o i e t e s , and t h e i r  a s s o c i a t i o n  
w i th  changes i n  i n t r a c e l l u l a r  m etabo l ism ,  a model has been  
proposed to  e x p l a i n  on  a m o le c u la r  l e v e l  some o f  the  e v e n t s  
b e l i e v e d  to  be o c c u r r i n g  d u r in g  s p h e r e - r o d  m orphogenes is .
CHAPTER I I  
MATERIALS AND METHODS
Organism. A r t h r o b a c t e r  c r y s t a l l o p o i e t e s  ATCC 15^81 
was grown a t  30 0 on two ty p e s  o f  media,  depending upon th e  
type  o f  exper im ent  c o n d u c te d .  For  enzyme k i n e t i c  m easure­
ments , a complete medium was used  c o n ta in i n g  th e  fo l lo w in g  
p e r  l i t e r ;  y e a s t  e x t r a c t ,  2 . 5  g; t r y p t o n e ,  5 g; g l u c o s e ,
1 g; a g a r ,  30 g; pH 7 . 0 . For  measurements i n  changes o f  
s p e c i f i c  a c t i v i t y  o f  enzymes and m e t a b o l i t e s  as a f u n c t i o n  
o f  t h e  l i f e  cy c le  o f  A r t h r o b a c t e r . a g lu co se -m in im a l  s a l t s  
(GMS) medium p lus  s u c c i n a t e  was employed. The c o m p os i t io n  
of  t h e  medium was p r e v i o u s l y  d e s c r i b e d  by E n s ig n  and
Wolfe ( 19) .
A ^8 h r  c u l t u r e  o f  A r t h r o b a c t e r  was used  f o r  the  
i n i t i a t i o n  o f  a l l  e x p e r i m e n t a l  work .
P r e p a r a t i o n  o f  c e l l - f r e e  e x t r a c t s . C e l l s  were 
h a r v e s t e d  and washed tw ice  i n  0 .0 5  M t r i s  ( hydroxymethy1 ) -  
amino-methane ( T r i s ) - c h l o r i d e  (pH 7* 6 ) .  The washed c e l l s  
were suspended i n  f o u r  t im e s  t h e i r  w e igh t  o f  th e  same 
b u f f e r  and d i s r u p t e d  by s o n ic  t r e a t m e n t  ( B la c k s to n e  model 
88-20) f o r  10 min a t  4 C .
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The crude e x t r a c t  was c e n t r i f u g e d  a t  30,000 x g f o r  
30 min a t  4 C, and t h e  s u p e r n a t a n t  u se d  f o r  enzymatic  a ssa y s .  
P r o t e i n  was measured by the  method o f  Lowry e t  a l .  ( 3 4 ) .
Enzyme Assays
A l l  a s s a y s  were  c a r r i e d  out  a t  25 0 ,  and enzyme 
a c t i v i t i e s  measured on a G i l f o r d  model 2000 re c o rd in g  
sp e c t r o p h o to m e te r .  One u n i t  o f  enzyme a c t i v i t y  was d e f in e d  
as  an o p t i c a l  d e n s i t y  change o f  0 .001/m in .  A l l  co up l in g  
enzymes employed were checked to  be su re  th e y  were n o t  con­
t a m in a te d  w i t h  the  enzymes under  i n v e s t i g a t i o n .
F r u c t o s e - 1 , 6 - d ip h o s p h a ta s e  [ D - f r u c t o s e - 1 , 6 -  
d ip h o sp h a te  1-p h o sp h o h y d ro la s e ;  EC 3*1 •3* H ]*  The method o f  
Rosen e t  a l .  ( 4 l )  was employed. F r u c to s e - 6 - p h o s p h a t e  p ro ­
duced i n  th e  r e a c t i o n  was c o n v e r te d  t o  g lu c o s e -6 -p h o sp h a te  
by adding  e x ce ss  p h o sph o hexo iso m erase . The r e s u l t i n g  
g lu c o s e - 6 - p h o s p h a t e  was o x id iz e d  by ad d ing  excess  g l u c o s e - 6 -  
phospha te  dehydrogenase  and NADP. The r e d u c t i o n  o f  NADP. 
measured s p e c t r o p h o t o m e t r i c a l l y  a t  340 nm was p r o p o r t i o n a l  
to  t h e  d i s a p p e a r a n c e  o f  f r u c t o s e - 1 , 6 - d i p h o s p h a t e .
NADP i s o c i t r a t e  dehydrogenase  [ t h r e o - D - i s o c i t r a t e : 
NADP o x i d o r e d u c t a s e  ( d e c a r b o x y l a t i n g ) ; EC 1 . 1 . 1 . 4 2 ] .  The 
method o f  Baldwin and M i l l i g a n  (4)  was used i n  which the  
r e d u c t i o n  o f  NADP by i s o c i t r a t e  was fo l lo w e d  s p e c t r o p h o to ­
m e t r i c a l l y  a t  340 nm. The r e v e r s e  r e a c t i o n ,  o x i d a t i o n  o f  
NADPH by « - k e t o g l u t a r a t e ,  was a l s o  measured s p e c t r o p h o t o ­
m e t r i c a l l y  a t  340 nm.
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Malic  enzyme [L -m a la te :  NADP o x id o re d u c ta s e
( d e c a r b o x y l a t i n g ) ;  EC 1 . 1 . 1 A O ] . R educ t ion  o f  NADP by 
m a la te  was measured s p e c t r o p h o t o m e t r i c a l l y  a t  3^0 nm (35)*
L a c t a t e  dehydrogenase  [ L - l a c t a t e :  NAD o x i d o r e ­
d u c ta s e ;  EC 1 . 1 . 1 . 27] .  O x id a t ion  o f  NADH by p y ru v a te  was 
measured s p e c t r o p h o t o m e t r i c a l l y  a t  3^0 nm ( 3 9 ) .
P h o s p h o f r u c to k in a s e  [ATP: D - f r u c to s e - 6 - p h o s p h a t e
1 - p h o s p h o t r a n s f e r a s e  ; EC 2 . 7 - 1 . 1 1 ] .  The method o f  Ling 
e t  a l . ( 3 3 ) was employed. To d e t e c t  p r o d u c t i o n  of  
f r u c t o s e - 1 ,  6 - d i p h o s p h a t e ,  e x ce ss  a l d o l a s e ,  t r i o s e  phospha te  
i s o m e r a s e ,  « - g l y c e r o p h o s p h a t e  dehydrogenase ,  and NADH were 
added t o  th e  r e a c t i o n  m ix t u r e .  P h o s p h o f ru c to k in a s e  a c t i v i t y  
was p r o p o r t i o n a l  to  t h e  r a t e  o f  o x i d a t i o n  o f  NADH measured 
s p e c t r o p h o t o m e t r i c a l l y  a t  3^0 nm.
G lucose - 6 - phospha te  dehydrogenase  [ D - g lu c o s e - 6 -  
p h o s p h a t e : NADP o x i d o r e d u c t a s e ; EC 1 . 1 .1 4 9 ] .  R e d u c t io n  of
NADP by g l u c o s e - 6 - p h o s p h a t e  was measured s p e c t r o p h o t o m e t r i c ­
a l l y  a t  3^-0 nm ( 3 2 ) .
Phosphoglucomutase  [ - D - g l u c o s e - 1 , 6 - d ip h o s p h a te :  
o t -D -g lu c o se -1 -p h o sp h a te  p h o s p h o t r a n s f e r a s e ;  EC 2 . 7 . 5 - 1 ] -  
The p ro ced u re  o f  Baldwin  and M i l l i g a n  (V) was f o l lo w e d .  
S u b s t r a t e  g l u c o s e - 1-p h o sp h a te  was c o n v e r ted  t o  g l u e o s e - 6- 
p h o s p h a te ,  which was d e t e c t e d  by add ing  excess  NADP and 
g lu c o s e - 6 - p h o s p h a te  dehydrogenase  to  th e  r e a c t i o n  m ix tu re  
and m easur ing  th e  r a t e  o f  r e d u c t i o n  o f  NADP
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s p e c t r o p h o t o m e t r i c a l l y  a t  3^0 nm. The r a t e  was p ro po r ­
t i o n a l  to  th e  enzyme a c t i v i t y .
Pyruva te  k in a s e  [ATP; p y ru v a te  p h o s p h o t r a n s f e r a s e ;
EC 2 . 7 . 1 .4-0]. The method of  V a le n t in e  and Tanaka was used 
( 51 ) .  Phosphoeno lpyruva te  was c o n v e r te d  to  py ru va te  i n  the 
p resen ce  o f  excess- l a c t a t e  dehydrogenase  and NADH. Oxida t ion  
o f  NADH measured s p e c t r o p h o t o m e t r i c a l l y  a t  3^0 nm was p ro ­
p o r t i o n a l  to  th e  a c t i v i t y  of  p y ru v a te  k i n a s e .
I s o c i t r a t e  l y a s e  [ t h r e o - D - i s o c i t r a t e  g l y o x y la t e -  
l y a s e ;  EC 1+ .1 .3-1] .  A c t i v i t y  was measured by t h e  method of  
Dixon and Kornberg ( 17) i n  which g l y o x y l a t e  produced from 
i s o c i t r a t e  r e a c t s  w i t h  p h en y lh y d ra z in e  t o  form g ly o x y l i c  a c i d  
pheny lhydrazone .  The r e a c t i o n  r a t e  was measured s p e c t r o ­
p h o t o m e t r i c a l l y  a t  32*+ nm.
Malate  dehydrogenase  [L -m a la t e :  NAD o x id o re d u c ta se ;
Ec 1. 1 . 37 ]* O x id a t io n  o f  NADH by o x a l a c e t a t e  was measured 
s p e c t r o p h o t o m e t r i c a l l y  a t  3^ 0nm ( 2 3 ) .
A c o n i ta se  [ C i t r a t e  ( i s o c i t r a t e )  h y d r o - l y a s e ;  EC 
*+.2 . 1 . 3 ]* The method o f  Hanson and Cox (22) was employed 
whereby s u b s t r a t e  i s o c i t r a t e  was c o n v e r t e d  t o  c i s - a c o n i t a t e ;  
t h e  r e a c t i o n  was fo l lo w ed  s p e c t r o p h o t o m e t r i c a l l y  a t  240 nm,
Fumarase [L -m a la te  h y d r o - l y a s e ;  EC 4 . 2 . 1 . 2 ] .  The 
method o f  Hanson and Cox (22) was used  i n  which the  con­
v e r s i o n  o f  m ala te  to  fum ara te  was measured s p e c t r o p h o t o ­
m e t r i c a l l y  a t  240 nm.
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Phpsphphexoisom erase  [D -g lu c o s e -6 -p h o s p h a te  k e t p l -  
I sp m e ra se ;  EC 5*3•19]* The method of  S l a i n  (^^-) was em­
p loy ed  whereby f r u c t o s e - 6 - p h p s p h a t e  was c o n v e r ted  to  
g lu c o s e - 6 - p h o s p h a t e  i n  the  p re s e n c e  of excess  NADP and 
g l u c o s e - 6 - p h o s p h a t e  d e h y d rog en ase .  Reduct ion  o f  NADP by 
g l u c o s e - 6 - p h o s p h a t e ,  measured s p e c t r o p h o t o m e t r i c a l l y  a t  
3^0 nm, was p r o p o r t i o n a l  t o  th e  a c t i v i t y  o f  phosphohexo iso ­
m erase .
G lu tam ate  dehydrogenase  [ L - g l u t a m a te : NADP o x i ­
d o r e d u c t a s e  ( d e a m in a t in g )  ; EC 1 .4-. 1 . 4 ] .  The method of  
S t r e c k e r  (^5 )  was used  i n  which  r e d u c t i o n  o f  NADP by 
g lu ta m a te  was measured s p e c t r o p h o t o m e t r i c a l l y  a t  3^0 nm.
PEP c a rb o x v k in a s e  [ IT P : o x a l o a c e t a t e  c a r b o x y - l y a s e ;
EC 4 . 1 , 1 . 3 2 ] .  The method o f  Chang and Lane (12) was em­
p lo y e d .  I n  th e  p re s e n c e  o f  excess  py ruva te  k i n a s e ,  l a c t a t e  
d e h y d ro g e n a s e ,  and NADH, c o n v e r s i o n  o f  OAA to  PEP was p r o ­
p o r t i o n a l  t o  th e  o x i d a t i o n  o f  NADH as measured s p e c t r o p h o t o ­
m e t r i c a l l y  a t  340 nm.
A la n in e  (X -k e to g lu tan a te  t r an sam in a se  [ L - a l a n i n e :
2 - o x o g l u t a r a t e  amino t r a n s f e r a s e ;  EC 2 . 6 . 1 . 2 ] .  The p r o ­
cedure  o f  Rowsell  (42) was used i n  which a l a n i n e  was t r a n s -  
a m in a ted  t o  p y ru v a te  i n  t h e  p r e s e n c e  o f  excess  l a c t a t e  
dehydrogenase  and NADH. The r a t e  o f  t r a n s a m i n a t i o n  was 
p r o p o r t i o n a l  t o  th e  o x i d a t i o n  o f  NADH as measured s p e c t r o ­
p h o t o m e t r i c a l l y  a t  340 nm.
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PEP s y n t h a s e . The method o f  Berman e t  a l .  ( 8 )  was 
employed.  D isap p ea ran ce  o f  p y ru v a te  was measured s p e c t r o ­
p h o t o m e t r i c a l l y  a t  32^ nm i n  t h e  p re s e n c e  o f  ex cess  ph e n y l ­
h y d r a z i n e  .
L i p a s e . A c t i v i t y  was measured i n  the  p re sen c e  o f  
s u b s t r a t e ,  E d i o l ,  a c c o rd in g  to  the  method o f  Okuda and 
F u j i i  ( 3 6 ) .
P h o s p h o f r u c to k in a s e  P u r i f i c a t i o n
P h o s p h o f r u c to k in a s e  was i s o l a t e d  from A. c r v s t a l -  
l o p o i e t e s  by 10 min s o n i c a t i o n  i n  0 .0 5  M Tris-HCl b u f f e r ,  
pH 8 . 0 ,  a t  )+ C. The d i s r u p t e d  c e l l s  were c e n t r i f u g e d  a t  
2 0 ,00 0  X g f o r  30 min a t  4- C. A l l  t h e  f o l lo w in g  p ro c e d u r e s  
were c a r r i e d  o u t  a t  ^ C. The s u p e r n a t a n t  was t r e a t e d  w i th  
S t r e p to m y c in  s u l p h a t e  ( 0 . 4  g/ml)  t o  remove n u c l e i c  a c i d s  and 
c e n t r i f u g e d  a t  20 ,000 x g f o r  20 min. The p e l l e t  was d i s ­
c a rd e d  and the  s u p e r n a t a n t  was b ro u g h t  to  50^  s a t u r a t i o n  by 
a d d i t i o n  o f  s o l i d  (NHl,.)2S0i,.. The p r e c i p i t a t e d  enzyme was r e ­
moved by c e n t r i f u g a t i o n  a t  20,000 x g f o r  20 min and  r e ­
suspended  i n  0 .0 5  M Tris -HCl  b u f f e r ,  pH 8 . 0 .  The enzyme, 
p u r i f i e d  f i v e - f o l d ,  was t h e n  d i a l y z e d  f o r  12 h r  a g a i n s t
0 .0 5  M T r is -H C l  b u f f e r ,  pH 7*5* I n  a d d i t i o n ,  a l l  c o u p l in g  
enzymes were d i a l y z e d  f o r  12 h r  a g a i n s t  0 .0 5  M T r is -H C l  
b u f f e r ,  pH 7 . 5 , t o  remove (HHL|.)2S04-
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M e ta b o l i t e  D e te rm in a t io n  
Free  f a t t y  a c i d  d e t e r m i n a t i o n . Q u a n t i t a t i o n  o f  f r e e  
f a t t y  a c i d s  from c e l l - f r e e  e x t r a c t s  was done a c c o r d i n g  to  
th e  p ro ce d u re  o f  Okuda and F u j i i  ( 3 6 ) .
Glutamate  d e t e r m i n a t i o n . G lu tam ate  i n  t h e  f r e e  amine 
a c i d  pool was d e t e c t e d  by the  method o f  H i t  t i e  ( 2*+).
R a d i o a c t i v i t y  S tu d ie s  
P e r m e a b i l i t y  o f  A. c r y s t a l l o p o i e t e s  t o  exogenous 
g l u c o s e . C e l l s  were  h a r v e s t e d  from a g lu c o s e -m in im a l  s a l t s  
(GMS) medium p lu s  0 . 3 ^  s u c c i n a t e  a t  t h r e e  s t a g e s  o f  growth; 
r o d - f o r m a t i o n  (12 h r ) ,  r o d - f r a g m e n t a t i o n  (19 h r ) ,  and coc­
c o i d a l  growth (30 h r ) .  The c e l l s  were washed and suspended 
i n  18 ml o f  GMS medium c o n ta in in g  1 .0  mM g l u c o s e .  C e l l u l a r  
t u r b i d i t y  was measured a t  420 nm i n  a S p e c t r o n ic  20 (Bausch 
& Lomb), and b ro u g h t  t o  a f i n a l  o p t i c a l  d e n s i t y  o f  0 . 2 5  i n  
a 18 mm X 150 mm t e s t  t u b e .
The l a b e l e d  g lucose  employed had a s p e c i f i c  a c t i v i t y  
o f  8 . 6 4  mc/mM and was o b ta in e d  from C a l i f o r n i a  C o r p o r a t i o n  
f o r  B iochem ica l  R e se a rch  (Los A n g e le s ) .  The c e l l s  were 
p u ls e d  f o r  10 min a t  30 C i n  1 50 ml f l a s k  by mixing 18 ml 
of  c e l l u l a r  s u s p e n s io n  w i th  2 ml o f  D - g l u c o s e - 6 - C - l 4 .  The 
f i n a l  a c t i v i t y  of  l a b e l e d  g lu co se  was 0.1 ^ c / m l . The c e l l s  
were shaken  a t  200 rev /m in  on a New Brunswick model VS 
r o t a r y  sh a k e r ,  t h e n  f i l t e r e d  t h ro u g h  an HAW? ( 0 . 4 5  4m) 
membrane f i l t e r  ( M i l l i p o r e  C o rp . ,  B ed fo rd ,  M a s s . ) .  The 
membrane f i l t e r  was washed w i th  c o ld  0 .0 5  M T r is -H C l  b u f f e r .
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pH 7 . 6 , d r i e d  f o r  10 min a t  80 C, and p la c e d  i n  a v i a l  con­
t a i n i n g  10 ml o f  s c i n t i l l a t i o n  f l u i d  ( 0 . 5^  2 , 5- d ip î i e n y l -  
oxazole  (PPG) i n  t o l u e n e ) .  C ount ing  was c a r r i e d  o u t  i n  a 
Beckman DPM 100 L iq u id  S c i n t i l l a t i o n  System.
R e s p i r a t i o n  S tu d i e s  
Oxygen u p tak e  was measured by s t a n d a r d  Warburg t e c h ­
n iq u es  d e s c r i b e d  by Umbreit  e t  a l .  (^-8 ) .  Warburg f l a s k s  
c o n ta in e d  0 .2  ml o f  10^ KOH ( c e n t e r  w e l l ) ,  0.1 ml o f  0.1 M 
g lu c o s e ,  and 2 .7  ml o f  c e l l  s u s p e n s io n .  The f l a s k s  were 
e q u i l i b r a t e d  i n  a i r  and i n c u b a te d  a t  30 C w i t h  sh ak ing  a t  36 
e x c u r s io n s /m in .
S t a in i n g  Techniques  
F a t  m a t e r i a l  was d e m o n s t r a te d  by th e  s t a i n i n g  t e c h ­
n ique  of  Conn e t  a l .  ( 1^-).
P r e p a r a t i o n  o f  L i p i d  E x t r a c t  
A pprox im ate ly  h- g (wet w e ig h t )  o f  c e l l s  o f  A. 
c r y s t a l l o p o i e t e s  were p lac ed  i n  a S o x h le t  e x t r a c t o r  f o r  2k 
h r .  The s o l v e n t  sys tem  employed c o n s i s t e d  o f  50^ e t h y l  
a l c o h o l ,  k^% a c e to n e ,  and ^% c o n c e n t r a t e d  HCl. A f t e r  ex­
t r a c t i o n  th e  s o l v e n t  was e v a p o r a t e d  a t  80 C and th e  crude 
l i p i d  e x t r a c t  r e t a i n e d .
K i n e t i c  Measurements 
L ineweaver-Burk  p l o t s  were used  f o r  the  d e te r m in a ­
t i o n  of enzyme K^ v a lu e s  and i n h i b i t i o n  c o n s t a n t s  (Kj)
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acco rd ing  to  t h e  method o f  Dixon and Webb ( 1 8 ) .  I n  a d d i ­
t i o n ,  p l o t s  r e v e a l e d  w h e th e r  i n h i b i t i o n  was c o m p e t i t i v e ,  
n o n - c o m p e t i t iv e ,  or mixed.
S u b s t r a t e - b i n d i n g  s i t e  i n t e r a c t i o n  c o e f f i c i e n t s  o f  
enzymes were de te rm in ed  from t h e  H i l l  e q u a t io n ,  
log  [v/(Vjjj-v)l = n l o g  (S) -  l o g  Kjjj. A p l o t  o f  lo g  
[v/(Vjj^-v)l a s  a f u n c t i o n  o f  l o g  (S) a t  v a r i o u s  s u b s t r a t e  
c o n c e n t r a t i o n s  gave a s t r a i g h t  l i n e  o f  s lo p e  n. As de­
s c r i b e d  by A tk inson  e t  a l .  ( 2 ) ,  the  i n t e r a c t i o n  c o e f f i c i e n t  
(n)  i s  a f u n c t i o n  o f  xhe s t r e n g t h  o f  t h e  i n t e r a c t i o n  between 
s u b s t r a t e  b in d in g  s i t e s ,  and a f u n c t i o n  of the  number of 
s u b s t r a t e  b in d in g  s i t e s  pe r  enzyme m o le cu le .  The s t r o n g e r  
the  i n t e r a c t i o n ,  the  g r e a t e r  t h e  v a lu e  o f  n .
Chemicals
A l l  chemicals  employed were o b t a i n e d  th ro u g h  F i s c h e r  
S c i e n t i f i c  Co . ,  F a i r  Lawn, New J e r s e y ;  Sigma Chemical Co., 
S t .  L ou is ,  Mo.; or Calbiochem, Los A nge les ,  C a l i f o r n i a .
CHAPTER I I I  
RESULTS AND DISCUSSION
I .  S p e c i f i c  A c t i v i t i e s  of  Enzymes 
During r o d - f o r m a t i o n  o f  A. c r y s t a l l o p o i e t e s  t h e r e  
was a n  obse rved  i n c r e a s e  i n  s t a i n a b l e  f a t  m a t e r i a l ,  and a t  a 
t ime j u s t  p r i o r  t o  r o d - f r a g m e n t a t i o n ,  t h e r e  was a d i s a p ­
p e a ra n c e  o f  s t a i n a b l e  f a t  m a t e r i a l .  S im i la r  r e s u l t s  had 
p r e v i o u s l y  been  found i n  Nocard ia  c o r a l l i n a  d u r in g  i t s  
s p h e r e - r o d  m orphogenes is  ( 1 3 ) .  T h is  su g g e s te d  t h a t  f a t *  
m etabo l ism  may p l a y  a n  i m p o r t a n t  r o l e  i n  the  morphogenesis  
o f  b o th  o rgan ism s .  The problem was a t t a c k e d  i n  A. c r v s t a l - 
l o p o i e t e s  by examining enzymes a s s o c i a t e d  w i t h  such pathways 
a s  t h e  g l y c o l y t i c ,  g l y o x y l a t e ,  p e n to s e  c y c l e ,  and Krebs 
c y c l e .  The s t a g e s  o f  t h e  l i f e  c y c l e  examined were.  Stage I ,  
g e r m i n a t i o n  o f  c o c c o i d a l  c e l l s  (7 h r ) ;  Stage I I ,  r o d - fo rm a ­
t i o n  (12 h r ) ;  Stage I I I , r o d - f r a g m e n t a t i o n  (19 h r ) ;  S tage  
IV, c o c c o id a l  growth (30 h r ) .
I t  was found t h a t  d u r in g  r o d - f o r m a t i o n  o f  A. c r y s t a l ­
l o p o i e t e s  b o th  th e  m a l ic  enzyme and g lu c o s e - 6 - p h o s p h a te
'‘F a t  i s  d e f i n e d  a s  any e t h e r  so lu b l e  m a t e r i a l  which 
upon h y d r o l y s i s  y i e l d s  f r e e  f a t t y  a c i d s .
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d ehydrogenase  r e a c h e d  t h e i r  h i g h e s t  i n t r a c e l l u l a r  l e v e l  
( F ig u r e  1 ) ,  c o i n c i d e n t a l  w i th  the  t im e  o f  an  obse rv ed  i n ­
c r e a s e  i n  s t a i n a b l e  f a t  m a t e r i a l .  B o th  enzymes produce 
NADPH and had been  shown to  have a marked c o r r e l a t i o n  w i th  
i n c r e a s e d  l i p o g e n e s i s  (26 ,  37, ^7, 57, 61 ) .  I n  many cases  
i t  had a l s o  been  found t h a t  t h e  amount o f  NADPH produced 
f rom g lu c o s e - 6 - p h o s p h a t e  dehydrogenase  was i n s u f f i c i e n t  to  
a c c o u n t  f o r  complete  f a t  s y n t h e s i s ,  and t h a t  t h e  r e q u i r e d  
amount o f  NADPH cou ld  be s u p p l i e d  by th e  p r e s e n c e  o f  th e  
m a l i c  enzyme ( 5 ,  6 1 ) .  When A. c r y s t a l l o p o i e t e s  was grown 
on a g lu co se -m in im a l  s a l t s  medium w i t h o u t  s u c c i n a t e ,  t h e r e  
was no r o d - f o r m a t i o n ,  on ly  c o c c o id a l  g rowth .  Under t h e s e  
c o n d i t i o n s  th e  m al ic  enzyme was c o m p le te ly  a b s e n t ,  w h i l e  the  
s p e c i f i c  a c t i v i t y  o f  g lu c o s e - 6 - p h o s p h a t e  rem ained  e s s e n ­
t i a l l y  c o n s t a n t .  Thus i t  i s  s u g g e s t e d  t h a t  r o d - f o r m a t i o n  of  
A. c r y s t a l l o p o i e t e s  i s  c l o s e l y  a s s o c i a t e d  w i t h  i n c r e a s e d  
l i p o g e n e s i s .
This i d e a  i s  s u p p o r t e d  by t h e  f a c t  t h a t  when A. 
c r y s t a l l o p o i e t e s  was grown on such r e d u c e d  compounds as  
s u c c i n a t e ,  fu m a ra te ,  o r  l a c t a t e ,  a l l  o f  which can  be con­
v e r t e d  t o  m a la t e ,  s u b s t r a t e  f o r  the  m a l ic  enzyme, r o d -  
f o r m a t io n  was induced ;  y e t  when A. c r y s t a l l o p o i e t e s  was 
grown on more o x id iz e d  compounds su c h  as o x a l a c e t a t e  (OAA) 
o r  p y r u v a t e ,  r o d - f o r m a t i o n  was i n h i b i t e d .  T h e re fo re  i t  i s  
b e l i e v e d  t h a t  the  more o x i d i z e d  compounds, l a c k i n g  s u f ­
f i c i e n t  r e d u c in g  power, were unable  t o  p roduce  the  r e q u i r e d
1^
F i g . 1 . — S p e c i f i c  a c t i v i t i e s  o f  t h e  m a l ic  enzyme 
and g lu e  o s e - 6 - phospha te  dehydrogenase  as  a f u n c t i o n  of 
t h e  growth  c y c le  of  A r t h r o b a c t e r  c r y s t a l l o p o i e t e s .
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amount o f  mala te  needed f o r  l i p i d  s y n t h e s i s ,  and th u s  were 
unab le  to  s t i m u l a t e  e i t h e r  r o d - f o r m a t io n  or  l i p o g e n e s i s .
During th e  morphogenesis  of  many m ic ro o rg an ism s ,  
t h e r e  ap p ea rs  to  be a dependence a t  a p a r t i c u l a r  s t a g e  o f  
growth upon th e  u t i l i z a t i o n  o f  a n  endogenous r e s e r v e  ma­
t e r i a l  as  an energy  sou rce  ( 5 8 ) .  From measurements o f  th e  
endogenous oxygen up take  as  a f u n c t i o n  of th e  l i f e  c y c le  o f  
A. c r y s t a l l o p o i e t e s . i t  was found t h a t  d u r in g  r o d -  
f r a g m e n ta t i o n  endogenous r e s p i r a t i o n  reached  i t s  h i g h e s t  
l e v e l  (F ig u re  2 ) .  This was a l s o  c o i n c i d e n t a l  w i t h  t h e  time 
of  an  observed  d i s a p p e a r a n c e  o f  s t a i n a b l e  f a t  m a t e r i a l .
Upon e x am in a t ion  o f  t h e  s p e c i f i c  a c t i v i t y  o f  s e v e r a l  
more enzymes as a f u n c t i o n  o f  the  l i f e  c y c le  o f  A. c r y s t a l ­
l o p o i e t e s  , i t  was found t h a t  l i p a s e  reach ed  i t s  h i g h e s t  
i n t r a c e l l u l a r  l e v e l  du r in g  r o d - f r a g m e n t a t i o n  ( F ig u r e  3) -  
Thus from r e s p i r a t i o n  and l i p a s e  s p e c i f i c  a c t i v i t y  d a t a ,  i t  
i s  su gges ted  t h a t  du r in g  r o d - f r a g m e n t a t i o n  f a t s  a r e  de­
graded and u t i l i z e d  as  a n  i n t e r n a l  energy  s o u r c e .
The g lucon eo g en ic  enzyme, f r u c to s e - 1  , 6 - d i p h o s p h a t a s e ,  
was a l s o  found t o  r e a c h  i t s  h i g h e s t  i n t r a c e l l u l a r  l e v e l  
d u r in g  r o d - f r a g m e n t a t i o n  (F ig u re  3)-  F u r th e rm o re  i t  was 
dem ons tra ted  by means of  p u l s i n g  exper im en ts  w i t h  r a d i o ­
a c t i v e  g lucose  (T ab le  1) ,  t h a t  A. c r y s t a l l o p o i e t e s  was 
r e l a t i v e l y  impermeable to  exogenous g lucose  d u r in g  bo th  
r o d - f o r m a t io n  (S ta g e  I I )  and r o d - f r a g m e n t a t i o n  (S ta g e  I I I ) .  
S im i la r  r e s u l t s  were o b t a i n e d  by the  p e r m e a b i l i t y  s t u d i e s
17
F i g .  2 . —Changes i n  endogenous r e s p i r a t i o n  
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Fig. 3 »— Per cent change in specific activity of 
enzymes as a function of the growth cycle of Arthrobacter 
crvstallDPoietes.
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Table  1 . — I n c o r p o r a t i o n  o f  D -g luco se -6 -C -1 ^  I n t o  c e l l s  o f  
A r t h r o b a c t e r  c r v s t a l l o n o i e t e s  h a r v e s t e d  from 
growth on a g lucose-m in im al  s a l t s  (GMS) 
medium p lu s  s u c c i n a t e . &
CPM o f  ^^C-glucose  i n ­
c o r p o r a t e d  pe r  ml of  
Stage of  Growth c e l l s
R o d - fo rm at io n  (12 h r ) ............................ 350
R o d - f r a g m e n ta t io n  (19 h r ) ................... 500
C occo id a l  growth (30 h r ) ..................  750
^ C e l l s  were h a r v e s t e d  a t  v a r i o u s  s t a g e s  o f  th e  l i f e  
c y c le  and p u lse d  w i th  r a d i o a c t i v e  g lu c o s e  i n  GMS medium. 
C e l l s  were shaken  f o r  10 min a t  30 C, t h e n  c o l l e c t e d  on 
membrane f i l t e r s ,  washed,  d r i e d ,  and coun ted .
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KruLwich and Ensign  ( 3 0 ) .  I n  a d d i t i o n ,  KriiLwich e t  a l .  (31) 
found t h a t  the  c o c c o id a l  c e l l  w a l l s  p roduced  d u r in g  ro d -  
f r a g m e n t a t i o n  c o n ta in e d  much h i g h e r  c o n c e n t r a t i o n s  of  c a rb o ­
h y d r a t e  th a n  th e  c e l l  w a l l s  o f  r o d s .  T h e r e f o r e  i t  i s  sug­
g e s t e d  t h a t  the  r a t e  o f  g lu c o n e o g e n e s i s  i n c r e a s e s  during  
r o d - f r a g m e n t a t i o n ,  and can th u s  p r o v id e  th e  n e c e s s a r y  c a rb o ­
h y d r a t e s  needed fo r  b o th  c ro s s - s e p t u m  and c o c c o id a l  c e l l  
w a l l  f o r m a t io n .
The enzyme i s o c i t r a t e  l y a s e  was a l s o  found to  r e a c h  
i t s  h i g h e s t  i n t r a c e l l u l a r  l e v e l  d u r in g  r o d - f r a g m e n t a t i o n  
( F ig u r e  3 ) .  I s o c i t r a t e  l y a s e  i s  i m p o r t a n t  s i n c e  i t  i s  i n ­
vo lv ed  i n  th e  d i r e c t  c o n v e r s i o n  o f  f a t  i n t o  ca rb o h y d ra te  
( l 5 j  2 9 ) .  I n  a d d i t i o n ,  t h e  enzyme has  b e en  shown to be 
c l o s e l y  a s s o c i a t e d  w i t h  i n c r e a s e d  r a t e s  o f  g lu co n e o g en e s i s  
( 2 5 ) .  I s o c i t r a t e  l y a s e  i s  l a c k i n g  i n  h i g h e r  o rgan ism s ,  such  
as man, and ,  as a r e s u l t ,  t h e s e  h i g h e r  o rgan ism s  a re  unable  
to  c o n v e r t  f a t  d i r e c t l y  i n t o  c a r b o h y d r a t e  ( 1 5 ).
S ince  d u r in g  r o d - f r a g m e n t a t i o n  t h e r e  i s  a n  i n c r e a s e d  
r a t e  o f  f a t  d e g r a d a t i o n  accompanied by a h i g h  l e v e l  o f  i s o ­
c i t r a t e  l y a s e ,  i t  i s  b e l i e v e d  t h a t  th e  i s o c i t r a t e  l y a s e  can 
p r o v id e  the  n e c e s s a r y  p r e c u r s o r s  r e q u i r e d  f o r  an i n c r e a s e d  
r a t e  o f  g lu c o n e o g e n e s i s .  I n  a d d i t i o n ,  f a t  d e g r a d a t i o n  can 
a l s o  p r o v id e  bo th  ATP and NADH n e c e s s a r y  t o  d r i v e  many of  
the  g lu coneogen ic  r e a c t i o n s .  The pathway d e s c r i b e d  i s  de­
p i c t e d  i n  the  f o l lo w in g  d iagram:
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C arbohydra te  f MalateOAAPEP t
G lyo x y la te  + S u c c in a teNADH
F a t s »  A c e ty l  CoA
I s o c i t r a t e
Lyase
I s o c i t r a t e
The NADP enzymes of  i s o c i t r a t e  dehydrogenase  and 
g lu ta m a te  dehydrogenase  were a l s o  found to  r e a c h  t h e i r  
h i g h e s t  i n t r a c e l l u l a r  l e v e l  d u r in g  r o d - f r a g m e n t a t i o n  ( F ig ­
u re  3)* T h e re fo re  i t  i s  su g g e s te d  t h a t  bo th  enzymes a re  
a l s o  in v o lv e d  i n  g l u c o n e o g e n e s i s ,  w i t h  g lu ta m a te  se rv i i ig  a s  
a g lu co n eo g en ic  p r e c u r s o r .
I t  was a l s o  found  t h a t  m ala te  dehydrogenase  i n ­
c r e a s e d  25^  i n  s p e c i f i c  a c t i v i t y  d u r in g  r o d - f r a g m e n t a t i o n  
( S ta g e  I I I ) ,  as compared to  i t s  s p e c i f i c  a c t i v i t y  du r ing  
r o d - f o r m a t i o n  (S ta ge  I I ) .  The i n c r e a s e  can be accoun ted  f o r  
by t h e  a c c e l e r a t e d  r a t e  of  g lu c o n e o g e n e s i s  d u r in g  r o d -  
f r a g m e n t a t i o n  i n  which  m a la te  i s  c o n v e r te d  to  g luco n eo gen ic  
OAA.
The s p e c i f i c  a c t i v i t i e s  o f  the  g l y c o l y t i c  enzymes 
p h o s p h o f r u c to k in a s e  and p y ru v a te  k in a s e  remained e s s e n t i a l l y  
c o n s t a n t  th ro u g h o u t  m o rph o gen es is .  The s p e c i f i c  a c t i v i t y  o f  
p h o s p h o f r u c to k in a s e  d i d  i n c r e a s e  i n  o ld  c o c c o id a l  c e l l s ,  
c o i n c i d e n t a l  w i th  a n  o bse rved  i n c r e a s e  i n  c e l l u l a r  permea­
b i l i t y  to  exogenous g l u c o s e .  A d d i t i o n a l l y ,  t h e r e  was found
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t o  be a n  i n c r e a s e  i n  th e  s p e c i f i c  a c t i v i t y  o f  phosphogluco-  
mutase  d u r in g  r o d - f r a g m e n t a t i o n .  This  i n c r e a s e  can be e x ­
p l a i n e d  by th e  need  f o r  g l u c o s e - 1- p h o s p h a te  n e c e s s a r y  f o r  
c ro s s - s e p t u m  and c o c c o id a l  c e l l  w a l l  f o r m a t i o n .
S ince  i t  a p p e a r s  t h a t  g lu c o n e o g e n e s i s  i s  an  a c t i v e  
p r o c e s s  d u r in g  r o d - f r a g m e n t a t i o n ,  t h e  q u e s t i o n  was asked 
w he ther  o r  n o t  two major  pathways o f  g lu c o n e o g e n e s i s  might 
e x i s t .  The f i r s t  pathway would i n v o lv e  the  c o n v e r s io n  o f  
OAA t o  phosphoeno1p y ru v a te  (PEP), by PEP c a rb o x y k in a s e ;  the  
second pathway would in v o lv e  t h e  c o n v e r s i o n  o f  py ruva te  to  
PEP, by PEP s y n t h a s e .  I n  o t h e r  o rg an ism s ,  b o t h  PEP c a r ­
b o xy k in ase  and PEP s y n t h a s e  have been  shown t o  be c l o s e l y  
a s s o c i a t e d  w i t h  i n c r e a s e d  r a t e s  of  g lu c o n e o g e n e s i s  ( ? ,  11,
43,  6 1 ) .  PEP c a rb o x y k in a s e  was d e m o n s t r a t a b l e  i n  e x t r a c t s  
o f  A. c r y s t a l l o p o i e t e s , w h i le  PEP s y n t h a s e  was n o t  demon- 
s t r a t a b l e .  R e s u l t s  s i m i l a r  t o  t h e s e  had  p r e v i o u s l y  been  
shown f o r  o t h e r  s p e c i e s  o f  A r t h r o b a c t e r  ( 1 0 ) .  From the  ex­
p e r i m e n t a l  d a t a  i t  a p p e a r s  t h a t  A. c r y s t a l l o p o i e t e s  pos­
s e s s e s  o n ly  one g lu co n e o g en ic  pathway,  t h a t  o f  c o n v e r t in g  
OAA t o  PEP.
From changes  i n  s p e c i f i c  a c t i v i t y  d a t a ,  which a r e  
p r o b a b ly  r e f l e c t i o n s  o f  i n d u c t i o n  o r  r e p r e s s i o n  o f  enzymes, 
t h e r e  a p p e a r s  t o  be an  i n c r e a s e d  r a t e  o f  l i p o g e n e s i s  d u r in g  
r o d - f o r m a t i o n ,  and an  i n c r e a s e d  r a t e  o f  g lu co n e o g en e s i s  
d u r in g  r o d - f r a g m e n t a t i o n .  S ince  m a la te  a p p e a r s  to  be the  
key i n t e r m e d i a t e  i n  b o th  pa thw ays ,  a s w i t c h  must  be p rov id ed
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i n  o r d e r  to  c o n v e r t  m ala te  from a l i p o g e n i c  pathway, to  a 
g luconeogen ic  pathway. The s w i t c h  can be p ro v id ed ,  i n  p a r t ,  
by a change i n  s p e c i f i c  a c t i v i t y  of  enzymes a s s o c i a t e d  w i th  
the  m etabo l ism  o f  m a la te .  For  example , t h e  m a l ic  enzyme 
( l i p o g e n i c )  r e a c h e d  i t s  h i g h e s t  i n t r a c e l l a r  l e v e l  dur ing  
r o d - f o r m a t io n ,  w h i le  the  more g lu coneogen ic  m a la te  dehydro­
genase was a t  a r e l a t i v e l y  low l e v e l .  Thus l i p o g e n e s i s  was 
f a v o r e d .  On th e  o th e r  hand,  d u r in g  r o d - f r a g m e n t a t i o n  t h e  
s i t u a t i o n  was r e v e r s e d ;  m a la te  dehydrogenase  was a t  a r e l a ­
t i v e l y  h ig h  l e v e l ,  and the  m a l ic  enzyme a t  a r e l a t i v e l y  low 
l e v e l .  Thus g lu co n e o g en e s i s  was f a v o r e d .
I I .  E f f e c t o r  C o n t ro l  o f  Enzymes 
1. The E f f e c t  o f  F re e  F a t t y  Acids 
The a c t i v i t y  o f  enzymes can be c o n t r o l l e d  by means of 
sm all  m o le cu la r  w eigh t  m o lecu les  c a l l e d  e f f e c t o r s .  These 
m olecu les  can s p e c i f i c a l l y  a c t i v a t e  or  i n h i b i t  key m e tab o l ic  
enzymes. They have the  a d v an tag e  over  o t h e r  ty p e s  o f  r e g u ­
l a t i o n  i n  t h a t  t h e i r  e f f e c t  can  be m edia ted  a lm o s t  i n s t a n ­
t a n e o u s l y .
Upon exam in a t io n  o f  t h e  i n t r a c e l l u l a r  f r e e  f a t t y  
a c id  (FFA) pool o f  A. c r y s t a l l o p o i e t e s . i t  was found t h a t  the  
r e l a t i v e  c o n c e n t r a t i o n  o f  FFA r e a c h e d  i t s  h i g h e s t  i n t r a c e l ­
l u l a r  l e v e l  d u r in g  r o d - f r a g m e n t a t i o n  ( F ig u r e  4-), c o i n c i d e n t a l  
w i th  th e  i n c r e a s e d  r a t e  o f  g lu c o n e o g e n e s i s .  T here fo re  the  
q u e s t i o n  was asked  whether  o r  n o t ,  FFA, i n  a d d i t i o n  to  p ro ­
v i d in g  c a rb o h y d ra te  p r e c u r s o r s  f o r  r o d - f r a g m e n t a t i o n ,  cou ld
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F ig .  '+.— Per  c e n t  change i n  the  c o n c e n t r a t i o n  o f  
i n t r a c e l l u l a r  f r e e  f a t t y  a c i d s  a s  a f u n c t i o n  o f  th e  growth 










a l s o  s t i m u l a t e  the c o n v e r s io n  o f  f a t  i n t o  c a rb o hy d ra te  
th ro u g h  a l l o s t e r i c  r e g u l a t i o n .
From m  v i t r o  e x p e r im e n ts  i t  was found t h a t  FFA cou ld  
s e l e c t i v e l y  i n h i b i t  t h o s e  enzymes o f  A. c r y s t a l l o p o i e t e s  
which were in v o lv e d  i n  l i p o g e n e s i s ,  o r  opposed to  g lu co n e o ­
g e n e s i s  (T ab le  2 ) ,  b u t  n o t  i n h i b i t  t h o s e  enzymes in v o lv e d  i n  
n o n - l i p o g e n i c  p r o c e s s e s .  P r e v i o u s l y  i t  was dem on s t ra ted  i n  
o t h e r  organisms t h a t  a c t i v e  l i p o l y s i s  was accompanied by an  
i n c r e a s e d  r e l e a s e  o f  FFA (!+0). This  r e s u l t e d  i n  a red u ced  
f l u x  o f  g lu c o s e  th ro u g h  t h e  g l y c o l y t i c  pathway, and a marked 
s t i m u l a t i o n  of g lu co n e o g en e s i s  ( 2 0 ,  ^-6, 53)»
I n  A. c r y s t a l l o p o i e t e s . FFA were  found to  com pet i ­
t i v e l y  i n h i b i t  the  g l y c o l y t i c  enzymes, p h o s p h o f r u c to k in a s e ,  
a s  shown i n  F ig u re  5? and p y r u v a t e  k i n a s e ,  as shown in  
F i g u r e s  6 and 7* The deg ree  o f  p y r u v a t e  k in a s e  i n h i b i t i o n  
by FFA, i n  the  p resen ce  o f  s u b s t r a t e s  PEP and ADP, i s  empha­
s i z e d  i n  t h e  v e l o c i t y  v e r s u s  s u b s t r a t e  p l o t s  o f  F ig u re s  8 and 
9 r e s p e c t i v e l y .
The s e l e c t i v e  n a t u r e  o f  FFA i n h i b i t i o n  was demon­
s t r a t e d  by  the  f a c t  t h a t  such  g lu c o n e o g e n ic  enzymes as 
f r u c t o s e - 1 , 6 - d i p h o s p h a ta s e  were n o t  i n h i b i t e d  by FFA, Addi­
t i o n a l l y ,  such b i f u n c t i o n a l  enzymes a s  phosphohexoisom erase ,  
f u n c t i o n i n g  b o th  i n  g l y c o l y s i s  and g lu c o n e o g e n e s i s ,  and 
p ho sphog lucom utase , were a l s o  n o t  i n h i b i t e d  by FFA. Thus i t  
i s  su g g e s te d  t h a t  FFA p l a y  an  i m p o r t a n t  r o l e  i n  the
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Table  2 . — Per c e n t  i n h i b i t i o n  o f  enzyme a c t i v i t i e s  o f
A r t h r o b a c t e r  c r y s t a l l o p o i e t e s  i n  t h e  p re s e n c e  
o f  33 mM sodium o c t a n o a t e ,  2 .5  niM sodium 
l a u r a t e ,  and 0 .67  mM sodium m y r i s t a t e .  Km 
v a l u e s  were used f o r  r e s p e c t i v e  s u b s t r a t e  
c o n c e n t r a t i o n s  w h i le  a l l  coenzyme c o n c e n t r a ­
t i o n s  were s a t u r a t i n g .
Enzyme S u b s t r a t e Octanoate L a u ra te M y r i s t a t e
P h o s p h o f r u c to ­
k i n a s e
f r u c t o s e - 6 -
phospha te 4-5 a a
G lu c o se -6 -
p hospha te
dehydrogenase
g l u c o s e - 6 -
phospha te 58 a a
Malic enzyme m ala te 30 a a
Pyruva te ADP 100 a a
k i n a s e PEP 58 a a
L a c t a t e
d ehydrogenase p y ru v a te 58 100 a
Fumarase m ala te 60 ^5 68
^ P r e c i p i t a t i o n  i n  th e  r e a c t i o n  m ix tu re  p re c lu d e d  
a n a l y s i s .
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F i g .  5»—Double r e c i p r o c a l  p l o t  o f  v e l o c i t y  
v e r s u s  f r u c t o s e - 6 - p h o s p h a t e  c o n c e n t r a t i o n  f o r  phospho­
f r u c t o k i n a s e .  Assay c o n d i t i o n s  d e s c r i b e d  i n  methods. 
O, no i n h i b i t o r ;  6 ,  33 mM sodium o c ta n o a t e .
PHOSPHOFRUCTOKINASE
4 0 A 33 mM oetonoot* 
0  controlCO
2 0




F ig .  6 . — Double r e c i p r o c a l  p l o t  o f  v e l o c i t y  
v e r s u s  phosphoenolpyruvate  c o n c e n t r a t i o n  f o r  p y ruv a te  
k i n a s e .  Assay c o n d i t i o n s  d e s c r i b e d  i n  methods.
O, no i n h i b i t o r ;  , 33 mM sodium o c t a n o a t e .
PYRUVATE KINASE




F i g .  7 - — Double r e c i p r o c a l  p l o t  o f  v e l o c i t y  
v e r s u s  ADP c o n c e n t r a t i o n  f o r  py ruva te  k i n a s e .  Assay 
c o n d i t i o n s  d e s c r i b e d  i n  methods .  O ,  no i n h i b i t o r ;
33 mM sodium o c t a n o a t e .
PYRUVATE KINASE








F i g .  8 . — A p l o t  o f  v e l o c i t y  ( u n i t s )  as a f u n c t i o n  
o f  phosphoeno lpyruva te  c o n c e n t r a t i o n  f o r  pyruva te  k i n a s e .  
Assay c o n d i t i o n s  d e s c r i b e d  i n  methods,  o ,  no i n h i b i t o r ;  








A 33 mM octanoate 
O control
/
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38
F i g .  9 - —A p l o t  o f  v e l o c i t y  ( u n i t s )  a s  a f u n c t i o n  
o f  ADP c o n c e n t r a t i o n  f o r  py ru v a te  k i n a s e .  Assay c o n d i t i o n s  
d e s c r i b e d  i n  methods .  0 ,  no i n h i b i t o r ;  A ,  33 mM sodium 
o c t a n o a t e .
PYRUVATE KINASE
A 33 mM octanoate
13.51- Æ 0 control/
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4-0
r e g u l a t i o n  o f  b o th  g l y c o l y s i s  and g lu co n e o g en e s i s  o f  A. 
c r y s t a l l o p o i e t e s .
FFA were a l s o  found to  i n h i b i t  c o m p e t i t i v e l y  bo th  
the  m a l ic  enzyme ( F ig u r e  10),  and g l u c o s e - 6 - p h o s p h a t e  de­
h ydrogenase  (F ig u re  11 ) .  This was exp ec te d  from th e  f a c t  
t h a t  b o t h  enzymes can produce NADPH, and ,  as  p r e v i o u s l y  men­
t i o n e d ,  have a marked c o r r e l a t i o n  w i th  i n c r e a s e d  l i p o ­
g e n e s i s .  F u r th e rm o re ,  i n h i b i t i o n  o f  t h e  m al ic  enzyme by 
FFA, and l a c k  o f  i n h i b i t i o n  of  m ala te  dehydrogenase  by FFA, 
p r o v id e s  a n o th e r  s w i t c h  f o r  s h i f t i n g  m a la te  from a  l i p o g e n i c  
pathway to  a g luco n eo gen ic  pathway.
MDP i s o c i t r a t e  dehydrogenase ,  which can a l s o  p r o ­
duce NADPH, was n o t  i n h i b i t e d  by FFA. From s p e c i f i c  
a c t i v i t y  d a t a  (F ig u re  3) the  enzyme a p p e a r s  to  be in v o lv e d  
i n  g lu c o n e o g e n e s i s ,  r a t h e r  t h a n  l i p o g e n e s i s .  F u r th e rm o re ,  
i n  o t h e r  organisms NADP i s o c i t r a t e  dehydrogenase  had been  
shown t o  have v e ry  l i t t l e  c o r r e l a t i o n  w i t h  i n c r e a s e d  l i p o ­
g e n e s i s  (21 ,  3 7 ) .
FFA d id  no t  i n h i b i t  t h e  f i r s t  enzyme o f  th e  g lyoxy­
l a t e  pathway,  i s o c i t r a t e  l y a s e .  This  was ex p ec te d  from the  
f a c t  t h a t  i s o c i t r a t e  l y a s e  i s  in v o lv e d  i n  t h e  c o n v e r s io n  of  
f a t  i n t o  c a r b o h y d r a t e ,  and can th u s  p l a y  a n  im p o r t a n t  r o l e  
i n  g lu c o n e o g e n e s i s  (15)* Fur the rm ore ,  s i n c e  the  g ly o x y la t e  
pathway does u t i l i z e  a c e t y l  CoA, and does compete w i th  a 
l i p o g e n i c  pathway f o r  a c e t y l  CoA (15)? i s o c i t r a t e  l y a s e  i n ­
h i b i t i o n  would n o t  have been  e x p e c te d .
Fig .  1 0 . — Double r e c i p r o c a l  p l o t  o f  v e l o c i t y  
v e r s u s  mala te  c o n c e n t r a t i o n  f o r  t h e  mal ic  enzyme.
Assay c o n d i t i o n s  d e s c r ib e d  i n  methods.  O ,  no i n h i b i t o r ;  
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F i g .  1 1 .— Double r e c i p r o c a l  p l o t  o f  v e l o c i t y  
v e r s u s  g lu c o s e - 6 - p h o s p h a t e  c o n c e n t r a t i o n  f o r  g l u c o s e - 6 -  
p h o sp h a te  deh y d ro g e n ase .  Assay c o n d i t i o n s  d e s c r i b e d  i n  
methods ,  o, no i n h i b i t o r ;  33 MM sodium o c t a n o a t e .
6-6 -P  DEHYDROGENASE
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i+5
o t h e r  enzymes no t  i n h i b i t e d  by FFA were a c o n i t a s e  
and NADP g lu tam a te  d e h ydrogenase .  From s p e c i f i c  a c t i v i t y  
d a t a ,  NADP g lu ta m a te  dehydrogenase  a p p e a r s  to be i n v o lv e d  in  
g lu c o n e o g e n e s i s  ( F i g u r e  3)*
I t  was a l s o  found t h a t  the  Krebs cy c le  enzyme 
fum arase  was c o m p e t i t i v e l y  i n h i b i t e d  by FFA ( F i g u r e  12) .  An 
e x p l a n a t i o n  f o r  t h e  i n h i b i t i o n  was p ro v ided  by  Weber e t  a l .  
(55)? i n  which i t  was s t a t e d  t h a t  i n h i b i t i o n  o f  fumarase  
could  p r e v e n t  a  " l e a k in g  back" o f  m ala te  in to  f u m a r a t e .
This  i n  t u r n  would a l lo w  m ala te  a chance to  s t i m u l a t e  g lu c o ­
n e o g e n e s i s  by p r o v i d i n g  a n  a v a i l a b l e  so u rce  o f  OAA.
During th e  FFA i n h i b i t i o n  s t u d i e s ,  i t  was found t h a t  
the  l o n g e r  c h a i n  FFA o f  sodium l a u r a t e  and sodium m y r i s t a t e ,  
cou ld  b r i n g  abou t  enzyme i n h i b i t i o n  a t  a much lower  molar  
c o n c e n t r a t i o n  t h a n  t h e  s h o r t e r  c h a in  FFA, sodium o c t a n o a t e  
(Tab le  2 ) .  Thus, i n  v i v o , t h e  lo n g e r  c h a in  FFA may be th e  
a c t u a l  m e d ia to r  o f  t h e  e f f e c t  o f  s e l e c t i v e  enzyme i n h i b i t i o n .  
Sodium l a u r a t e  and sodium m y r i s t a t e  were om it ted  from i n h i ­
b i t i o n  s t u d i e s  i n  which Mg’*”*' o r Mn’̂ ’̂  were r e q u i r e d  f o r  
enzyme a c t i v i t y .  T h is  was due to  th e  f a c t  t h a t  a p r e c i p i t a t e  
was formed be tw een  m e ta l  i o n  and FFA which p re v e n te d  any 
q u a n t i t a t i o n  o f  enzyme r e a c t i o n .  T h ere fo re  sodium o c ta n o a te  
( s h o r t  c h a i n  FFA) was used f o r  most o f  th e  FFA i n h i b i t i o n  
s t u d i e s .  I t  must be n o ted  t h a t  even though th e  c o n c e n t r a ­
t i o n  o f  o c t a n o a t e  used  i n  v i t r o  was r e l a t i v e l y  h i g h ,  t h i s
^6
F i g .  1 2 .— Double r e c i p r o c a l  p l o t  o f  v e l o c i t y  
v e r s u s  m ala te  c o n c e n t r a t i o n  f o r  fum arase .  Assay con­
d i t i o n s  d e s c r i b e d  i n  methods. O ,  no i n h i b i t o r ;
# ,  33 mM sodium o c t a n o a t e ; 2 . 5  mM sodium l a u r a t e ;  
X, 0 . 67  mM sodium m y r i s t a t e .
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c o n c e n t r a t i o n  c o u ld  e a s i l y  be ach iev e d  by assuming com par t-  
m e n t a t i o n  w i t h i n  t h e  b a c t e r i a l  c e l l .
A l l  enzymes, e x ce p t  one,  which were s e l e c t i v e l y  i n ­
h i b i t e d  by FFA, were i n h i b i t e d  i n  a c o m p e t i t iv e  manner. The 
e x c e p t i o n  was l a c t a t e  dehydrogenase  which was i n h i b i t e d  i n  a 
n o n - c o m p e t i t iv e  manner by FFA (Table  3 ) -  The Kj v a l u e s  o f  
l a c t a t e  d eh ydrogenase  f o r  FFA were abou t  1 0 - f o ld  h i g h e r  t h a n  
th e  Kj v a lu e s  c a l c u l a t e d  f o r  o t h e r  FFA i n h i b i t e d  enzymes 
(T ab le  3 ) -  T h e r e f o r e ,  FFA i n h i b i t i o n  o f  l a c t a t e  d e h y d ro ­
genase  may be the  r e s u l t  o f  n o n - s p e c i f i c  d e t e r g e n t  e f f e c t ,  
and n o t  t h e  r e s u l t  o f  s e l e c t i v e  enzyme i n h i b i t i o n .
A c rude  l i p i d  e x t r a c t  o b t a in e d  from washed c e l l s  
o f  A. e r v s t a l l o p o i e t e s  was found to  p roduce  e s s e n t i a l l y  th e  
same ty pe  o f  s e l e c t i v e  i n h i b i t i o n  o f  b a c t e r i a l  enzymes as 
d id  FFA. T h is  ex p er im e n t  was perform ed on ly  t o  d e m o n s t ra te  
t h a t  a n a t u r a l l y  o c c u r r i n g  l i p i d  p ro d u c t  from a b a c t e r i a l  
c e l l  cou ld  be o f  some p h y s i o l o g i c a l  s i g n i f i c a n c e  a s  a p o s ­
s i b l e  c o n t r o l  mechanism. No a t t e m p t  was made t o  q u a n t i t a t e  
t h e  e x t r a c t  o r  t o  d e te rm in e  i t s  com p os i t ion .
From t h e  e x p e r im e n ta l  d a ta  i t  i s  su g g e s te d  t h a t  FFA 
can  p la y  an  im p o r t a n t  r o l e  i n  the  c o n t r o l  of  m orphogenes is  
o f  A. c r y s t a l l o p o r e t e s  th ro u g h  the  r e g u l a t i o n  o f  t h e  a c t i v ­
i t y  o f  enzymes i n v o lv e d  i n  the  m etabo l ism  of  f a t s  and c a r b o ­
h y d r a t e s  .
T a b le  3» K i n e t i c  d a t a  o b t a i n e d  f rom  enzymes o f  A r t h r o b a c t e r  e r v s t a l l o p o i e t e s  
i n h i b i t e d  by  FFA. V a lu es  f o r  Km and  Kj o f  enzymes and  t h e  t y p e  o f  
i n h i b i t i o n  [ c o m p e t i t i v e  (C) o r  n o n - c o m p e t i t i v e  (NC)] p ro d u c e d  by 
t h e  e f f e c t  o f  FFA a r e  o b t a i n e d  f rom  L in e w e a v e r - B u r k  p l o t s . &
Km
O c ta n o a te
K i
L a u r a t e
Ki
M y r i s t a t e
K i
Enzymes S u b s t r a t e mM mM
Pho s p h o f r u c t o k i n a s e f r u c t o s e - 6 -
p h o s p h a t e 1 .0 2 0 . 0 ( C ) b b
G l u c o s e - 6 - p h o s p h a t e  
d e h y d ro g e n a s e
g l u c o s e - 6 -
p h o s p h a t e 3 A 3 6 . 0 ( C ) b b
M al ic  enzyme m a la t e 0 . 6 0 6 . 7 ( C ) b b
P y r u v a t e  k i n a s e ADP 0 .2 2 3 . 7 ( C ) b b
L a c t a t e  d e h y d ro ­





Fum arase m a la t e 2 . 0 2 3 . 0 ( C ) 1 . 8 ( C ) 0 . 1 6  (C)
^FFA c o n c e n t r a t i o n s  employed were  33 niM sodium  o c t a n o a t e ,  2 . 5  mM 
sod ium  l a u r a t e ,  and  0 . 6 ?  mM sod ium  m y r i s t a t e .  F o r  l a c t a t e  d e h y d ro g e n a s e  
0 . 6 7  mM sodium  l a u r a t e  was u se d  i n s t e a d  o f  2 . 5  mM c o n c e n t r a t i o n .
^ P r e c i p i t a t i o n  I n  t h e  r e a c t i o n  m ix t u r e  p r e c l u d e d  a n a l y s i s .
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2. I m p l i c a t i o n s  o f  Glutamate  a s  a 
Gluconeogenic  P r e c u r s o r
From s p e c i f i c  a c t i v i t y  d a t a  i t  was found  t h a t  NADP 
g lu ta m a te  dehydrogenase  reach e d  i t s  h i g h e s t  i n t r a c e l l u l a r  
l e v e l  d u r in g  r o d - f r a g m e n t a t i o n ,  c o i n c i d e n t a l  w i t h  t h e  time 
o f  an a p p a r e n t  i n c r e a s e  i n  g lu c o n e o g e n e s i s .  P r e v i o u s l y  i t  
had been  su g g e s te d  by Wright (58 ,  59) ,  t h a t  d u r in g  th e  
morphogenesis  of  t h e  s l im e  mold D i c tv o s t e l i u m  d i s c o id e u m , 
t h a t  g lu ta m a te  was c o n v e r te d  to  c a r b o h y d ra te  v i a  g lu tam ate  
dehydrogenase .  F u r th e rm o re ,  f o r  o t h e r  o rg an ism s ,  b o t h  
g lu ta m a te  and g lu ta m a te  dehydrogenase  had b e en  shown t o  be 
c l o s e l y  a s s o c i a t e d  w i t h  i n c r e a s e d  g lu c o n e o g e n e s i s  (1 6 ,  53).
The NADP g lu ta m a te  dehydrogenase  i s o l a t e d  from A. 
e r v s t a l l o p o i e t e s  was found t o  have an  e x t r e m e ly  h i g h  %  for 
s u b s t r a t e  g lu ta m a te  (75  mM). I n  o r d e r  f o r  t h e  enzyme to  
c o n v e r t  g lu ta m a te  t o  ( X - k e to g lu t a r a te  i n  v i v o , a n  ex trem ely  
h ig h  i n t r a c e l l u l a r  c o n c e n t r a t i o n  o f  g lu ta m a te  would be r e ­
q u i r e d .  From an i n v e s t i g a t i o n  o f  th e  f r e e  amino a c i d  pool 
o f  A. e r v s t a l l o p o i e t e s , t h i s  r e q u i r e m e n t  a p p e a r s  t o  met in 
t h a t  h ig h  c o n c e n t r a t i o n s  o f  g lu ta m a te  were found  t o  be 
p r e s e n t  a t  a l l  s t a g e s  of growth. I n  f a c t  o ve r  95^ o f  the  
e n t i r e  f r e e  amino a c i d  pool  appea red  to  be p r e s e n t  as  g l u t a ­
mate .  I n  a d d i t i o n ,  th e  NADP g lu ta m a te  dehydrogenase  i s o ­
l a t e d  from N. c o r a l l i n a  was a l s o  found t o  have an ex trem e ly  
h i g h  Kjn f o r  g lu ta m a te  (80 mM). F u r th e rm o re ,  as  was found 
t o  be t h e  ca se  f o r  A r t h r o b a c t e r , H i t t l e  (24)  found i n  N. 
c o r a l l i n a  an  e x t r e m e ly  l a r g e  q u a n t i t y  o f  g lu ta m a te  i n  the
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f r e e  amino a c i d  p o o l .  As p r e v i o u s l y  ment ioned,  b o th  o rgan­
isms do undergo s p h e r e - r o d  m orphogenes is .
From k i n e t i c  exper im ents  as  shown i n  F ig u re s  13 and 
l 4 ,  i t  was found  t h a t  FFA s p e c i f i c a l l y  a c t i v a t e d  g lu tam ate  
dehydrogenase  by lo w er ing  the  a p p a r e n t  Kjĵ  of  the  enzyme f o r  
s u b s t r a t e  g l u t a m a t e .  I n  a d d i t i o n ,  i t  was found t h a t  FFA a l s o  
d e c r e a s e d  th e  s u b s t r a t e  b in d in g  s i t e  i n t e r a c t i o n  o f  th e  
enzyme a s  shown by t h e  H i l l  p l o t  i n  F ig u r e  1 5* Davis and 
Gibson (16)  showed i n  the  p e r f u s e d  r a t  l i v e r  t h a t  f a t t y  a c id s  
could  s t i m u l a t e  l i v e r  g lu tam ate  dehydrogenase  a c t i v i t y .  The 
proposed  mechanism was an uncoup l ing  o f  o x i d a t i v e  phos­
p h o r y l a t i o n  by f a t t y  a c i d s ,  which i n  t u r n  produce an i n ­
c re a s e d  c o n c e n t r a t i o n  o f  s u b s t r a t e  HADP. The e x p la n a t i o n  
seems in c o m p le te  i n  t h a t  no ex p e r im e n ts  were c a r r i e d  ou t  to  
t e s t  t h e  d i r e c t  e f f e c t  o f  f a t t y  a c i d s  on th e  enzyme i t s e l f .
From th e  h i g h  l e v e l s  o f  g l u t a m a t e ,  g lu tam ate  dehydro­
g en ase ,  and FFA found to  be p r e s e n t  a t  the  time o f  r o d -  
f r a g m e n t a t i o n ,  and t h e  f a c t  t h a t  FFA can s t i m u l a t e  g lu tam ate  
dehydrogenase  a c t i v i t y ,  i t  i s  s u g g e s te d  t h a t  bo th  g lu tam ate  
and g lu ta m a te  dehydrogenase  a r e  in v o lv e d  i n  a c t i v e  g lu c o ­
n e o g en e s i s  d u r in g  r o d - f r a g m e n t a t i o n  o f  A. e r v s t a l l o p o i e t e s .
I t  i s  a l s o  su g g e s te d  t h a t  t h e  combined a c t i o n  of  
NADP g lu ta m a te  dehydrogenase ,  and NADP i s o c i t r a t e  dehydro­
g en ase ,  can s t i m u l a t e  g lu co n e o g en e s i s  d u r ing  rod-  
f r a g m e n t a t i o n  by c a t a l y z i n g  th e  c o n v e r s i o n  o f  g lu tam ate  to  
c < - k e t o g l u t a r a t e , fo l lo w ed  by c o n v e r s i o n  t o  i s o c i t r a t e .  The
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F i g .  1 3 . — A p l o t  o f  v e l o c i t y  ( u n i t s )  as a  f u n c t i o n  
of  g lu ta m a te  c o n c e n t r a t i o n  f o r  NADP g lu ta m a te  dehydro­
gen ase .  Assay c o n d i t i o n s  d e s c r ib e d  i n  methods,  o, no 
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F i g .  1^+.— Double r e c i p r o c a l  p l o t  o f  v e l o c i t y  
v e r s u s  g lu ta m a te  c o n c s r4 i / ; r  i o n  f o r  NADP g lu ta m a te  dehydro­
g e n a s e .  Assay c o n d i t i o n s  d e s c r i b e d  i n  methods.  O, no 
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F i g .  15 . — H i l l  p l o t  o f  NADP g lu tam ate  dehydro­
genase  w i th  r e s p e c t  t o  s u b s t r a t e  g lu ta m a te .  A s l o p e  or  
i n t e r a c t i o n  c o e f f i c i e n t  (n )  o f  2 .0  was o b ta in ed  i n  th e  
a b sen c e  o f  sodium o c t a n o a t e ,  b u t  d ecreased  to  1 .5  i n  th e  
p r e s e n c e  o f  33 mM sodium o c t a n o a t e .  Assay c o n d i t i o n s  
d e s c r i b e d  i n  m ethods .  O ,  no a c t i v a t o r ;  A ,  33 mM sodium 
o c t a n o a t e .
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r e s u l t i n g  i s o c i t r a t e  can  t h e n  be c h an n e led  th ro u g h  th e  g l y -  
o x y la t e  pathway t o  c a r b o h y d r a t e .  The r e s u l t i n g  g lu co n e o g en ic  
sequence would b e :  g l u t a m a t e — > « - k e t o g l u t a r a t e — > 
i s o c i t r a t e —  ̂ g l y o x y l a t e  pathway— ^ c a r b o h y d r a t e .
Only the  NADP dependen t  g lu ta m a te  and i s o c i t r a t e  
dehydrogenases  have been  d e t e c t e d  i n  e x t r a c t s  of  A. c r v s t a l -  
l o p o i e t e s . No NAD d ependen t  g lu ta m a te  and i s o c i t r a t e  dehy­
drogenases  have be en  d e t e c t e d .  The NADP dependent  i s o c i t r a t e  
dehydrogenase  can  c a t a l y z e  t h e  c o n v e r s i o n  o f  <% -ke to g lu ta ra te  
t o  i s o c i t r a t e  ( t h e  g luco n e o g en ic  d i r e c t i o n ) ,  a  c o n v e r s io n  
n o t  p o s s i b l e  w i t h  the  NAD d ependen t  enzyme ( 3 8 ) .  I n  a d d i ­
t i o n  th e  NAD dependent  i s o c i t r a t e  dehydrogenase  i s o l a t e d  
from o t h e r  organisms h a s  been  found  t o  be under  a d e n y l a t e  
c o n t r o l ,  and shown to  p l a y  an  i m p o r t a n t  r o l e  i n  th e  r e g u l a ­
t i o n  o f  energy  m e tab o l i sm  ( 2 ) .  The NADP dependen t  i s o ­
c i t r a t e  dehydrogenase  i s o l a t e d  from A. e r v s t a l l o p o i e t e s  was 
found n o t  to  be a f f e c t e d  by e i t h e r  ATP, ADP, or  AMP i n  
c o n c e n t r a t i o n s  up to  10 mM. This  s u g g e s t s  t h a t  th e  NADP 
dependen t  i s o c i ^ r a t e  dehydrogenase  o f  A. e r v s t a l l o p o i e t e s  i s  
n o t  in v o lv e d  i n  th e  r e g u l a t i o n  o f  energy  m etabo l i sm .
Since NADP i s o c i t r a t e  deh y d ro g e n ase  r e a c h e d  i t s  
h i g h e s t  i n t r a c e l l u l a r  l e v e l  d u r in g  r o d - f r a g m e n t a t i o n ,  and 
was no t  i n h i b i t e d  by FFA, i t  i s  b e l i e v e d  t h a t  th e  enzyme does 
p l a y  an  a c t i v e  r o l e  i n  g lu c o n e o g e n e s i s  d u r in g  ro d -  
f r a g m e n t a t i o n .  The i d e a  i s  a l s o  s u p p o r t e d  by th e  s t u d i e s  
o f  i n h i b i t i o n  o f  i s o c i t r a t e  dehydrogenase  by OAA and
59
g l y o x y l a t e .  I t  was found t h a t  10 mM of  OAA or g l y o x y l a t e ,  
s e p a r a t e l y ,  would n o t  i n h i b i t  i s o c i t r a t e  fo r m a t io n  from 
o ( - k e t o g l u t a r a t e  (g lu c o n e o g e n ic  d i r e c t i o n ) ,  b u t  when mixed 
t o g e t h e r  i n  c o n c e n t r a t i o n s  o f  0 .6 7  mM OAA, and 0 .67  mM g l y ­
o x y l a t e ,  would c o m p e t i t i v e l y  i n h i b i t  the  enzyme i n  a con­
c e r t e d  o r  s y n e r g i s t i c  f a s h i o n  ( F i g u r e  16) .  The c a l c u l a t e d  
Kj v a lu e  f o r  the  c o n c e r t e d  i n h i b i t i o n  was 1.1 mM. T h e r e fo r e  
OAA and g l y o x y la t e  a c t i n g  t o g e t h e r  s y n e r g i s t i c a l l y  could  b e ­
come a fee d b ac k  i n h i b i t o r  o f  b o th  i s o c i t r a t e  f o r m a t io n  and 
g l u c o n e o g e n e s i s .
For the  r e v e r s e  r e a c t i o n ,  f o r m a t io n  o f  a - k e t o g l u t a r a t e  
from i s o c i t r a t e  (n o n -g lu c o n e o g e n ic  d i r e c t i o n ) ,  i t  was found 
t h a t  OAA or  g l y o x y l a t e ,  s e p a r a t e l y ,  i n  c o n c e n t r a t i o n s  up to  
3 mM, would n o t  i n h i b i t  enzyme a c t i v i t y .  Yet when th e  two 
compounds were mixed i n  c o n c e n t r a t i o n s  as  sm a l l  a s  0 .1 2 5  mM 
OAA, and 0 .125  mM g l y o x y l a t e ,  a c o n c e r t e d  type  o f  c o m p e t i t iv e  
i n h i b i t i o n  was found to  o c cu r  ( F i g u r e  17)» The c a l c u l a t e d  Kj 
f o r  t h e  i n h i b i t i o n  was 5 .5  mM, c o n s i d e r a b l y  s m a l l e r  th a n  the  
c a l c u l a t e d  Kj v a lu e  o f  1.1 mM f o r  t h e  r e v e r s e  r e a c t i o n .
T h e re fo re  a t  r e l a t i v e l y  low c o n c e n t r a t i o n s  o f  g l y ­
o x y l a t e  and OAA, t h e  r e a c t i o n  i s  i n h i b i t e d  i n  the  non- 
g lu c o n e o g e n ic  d i r e c t i o n  O x - k e t o g l u t a r a t e  f o r m a t i o n ) , whereas 
t h e  r e a c t i o n  i n  th e  g lu c o n e o g e n ic  d i r e c t i o n  ( i s o c i t r a t e  
f o r m a t io n )  i s  no t  i n h i b i t e d .  S ince  low c o n c e n t r a t i o n s  o f  
g l y o x y l a t e  and OAA would be p r e s e n t  d u r in g  the  i n i t i a t i o n  o f  
g lu o c o n e o g e n e s i s ,  i t  would be d e s i r a b l e  to  i n h i b i t  the
60
F i g .  1 6 .— Double r e c i p r o c a l  p l o t  of v e l o c i t y  
v e r s u s  o c - k e t o g lu t a r a t e  c o n c e n t r a t i o n  f o r  NADP i s o c i t r a t e  
dehydro g en ase .  Assay c o n d i t i o n s  d e s c r i b e d  i n  methods.
0 , no i n h i b i t o r ;  Ù,  0 .6 7  mM g l y o x y l a t e  p lu s  0 . 6 ?  mM 
o x a l a c e t a t e .  S e p a r a t e l y ,  10 mM o f  g ly o x y la t e  or  o x a l -  
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F i g .  1 7 . —Double r e c i p r o c a l  p l o t  o f  v e l o c i t y  
v e r s u s  i s o c i t r a t e  c o n c e n t r a t i o n  f o r  NADP i s o c i t r a t e  d e ­
h yd ro g en a se .  Assay c o n d i t i o n s  d e s c r i b e d  i n  methods,.
O, no i n h i b i t o r ;  A ,  0 .1 2 5  mM g l y o x y l a t e  p lu s  0 .1 2 5  mM 
o x a l a c e t a t e .  S e p a r a t e l y ,  3 mM of g ly o x y la t e  o r  o x a l ­
a c e t a t e  p roduced no i n h i b i t i o n  of  enzyme a c t i v i t y .
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r e a c t i o n  i n  th e  n o n -g lu co n e o g en ic  d i r e c t i o n .  The i n h i b i t i o n  
would p re v e n t  any " l e a k i n g  back" of  newly formed i s o c i t r a t e  
i n t o ( X - k e t o g l u t a r a t e ,  and  thus  would s t i m u l a t e  g lu co n e o ­
g e n e s i s  .
On th e  o t h e r  h a n d ,  when g l y o x y l a t e  and OAA rea c h e d  
a h i g h e r  c o n c e n t r a t i o n  d u r in g  a c t i v e  g lu c o n e o g e n e s i s ,  i t  
would be advantageous  t o  c o n t r o l  the  r a t e  o f  g lu c o n e o g e n e s i s  
and i s o c i t r a t e  f o r m a t i o n  by means o f  f e e d b ac k  i n h i b i t i o n .
T his  a p pea rs  to  be the  c a se  i n  t h a t  a t  h i g h e r  c o n c e n t r a ­
t i o n s  o f  g l y o x y la t e  and OAA, i s o c i t r a t e  fo r m a t io n  i s  i n ­
h i b i t e d .
C on t ro l  o f  g lu c o n e o g e n e s i s  by t h e  r e g u l a t i o n  o f  NADP 
i s o c i t r a t e  dehydrogenase  i s  made p o s s i b l e  by th e  more t h a n  
2 0 0 - f o l d  d i f f e r e n c e  i n  t h e  r a t i o s  o f  Kj v a lu e s  f o r  th e  con­
c e r t e d  i n h i b i t i o n s  by g l y o x y l a t e  and OAA. Thus a t  r e l a t i v e l y  
low c o n c e n t r a t i o n s  o f  g l y o x y l a t e  and OAA, g lu c o n e o g e n e s i s  i s  
s t i m u l a t e d ,  whereas a t  r e l a t i v e l y  h i g h  c o n c e n t r a t i o n s  o f  
g l y o x y l a t e  and OAA, g lu c o n e o g e n e s i s  i s  i n h i b i t e d .  T h is  type  
o f  c o n t r o l  i s  shown i n  th e  f o l lo w in g  d iagram .
I n i t i a t i o n  and s t i m u l a t i o n  Feedback i n h i b i t i o n
o f  g lu c o n e o g e n e s i s  o f  g lu c o n e o g e n e s i s
c a r b o h y d r a t e  c a r b o h y d r a te
T T
g l y o x y l a t e  + OAA g l y o x y l a t e  + OAA
(low^concn .  ). / ( h i g h  c o n c n . l
T I 'I' I
i s o c i t r a t e  /  V i s o c i t r a t e  /
I K
* - k e t o g l u t a r a t e  a - k e t o g l u t a r a t e
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Many of  the  NADP i s o c i t r a t e  dehydrogenases  i s o l a t e d  
from o t h e r  organisms have a l s o  been  shown t o  have a c o r r e ­
l a t i o n  w i t h  i n c r e a s e d  g lu c o n e o g e n e s i s  ( 5 3 ) .  F u r th e rm o re ,  
o x i d a t i o n  of  g lu tam ate  to  o t - k e t o g l u t a r a t e ,  fo l low ed  by r e ­
d u c t i o n  t o  i s o c i t r a t e ,  would a l s o  a l low  th e  p o s s i b i l i t y  o f  
a n  NADP o x i d a t i o n - r e d u c t i o n  c y c l e  as shown i n  th e  fo l lo w in g  
d iag ram .





g lu ta m a tee*-ke to-
g l u t a r a t e
3 . Other  E f f e c t o r  Molecules 
P h o s p h o e n o lp y ru v a te , a g luconeogen ic  p r e c u r s o r  and 
end p r o d u c t  o f  t h e  g l y o x y l a t e  pathway,  was found to  i n h i b i t  
i s o c i t r a t e  l y a s e  i n  a c o m p e t i t i v e  f a s h i o n  (F ig u re  I 8 ) .  Thus 
d u r in g  g lu c o n e o g e n e s i s  a c c u m u la te d  PEP could  be f u n c t i o n in g  
a s  a  f e e d b a c k  i n h i b i t o r .  F u r t h e r  r e g u l a t i o n  o f  the  g lu co ­
n eo g en ic  pathway was a l s o  d e m o n s t r a te d  by the  n o n -c o m p e t i t iv e  
i n h i b i t i o n  o f  f r u c t o s e - 1 , 6 - d i p h o s p h a t a s e  by AMP (F igu re  19) .
I n  h i g h e r  a n im a ls  i t  h a s  been found t h a t  L - a la n in e  
can be u t i l i z e d  as  a g lu c o n e o g e n ic  p r e c u r s o r ,  f i r s t  by be ing
66
F ig .  18 . — Double r e c i p r o c a l  p l o t  o f  v e l o c i t y  
v e r s u s  i s o c i t r a t e  c o n c e n t r a t i o n  f o r  i s o c i t r a t e  l y a s e .  
Assay c o n d i t i o n s  d e s c r i b e d  i n  methods. O, no i n h i b i t o r ;  
A, 33 p h o sp h o e n o lp y ru v a te .
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F i g .  19 . — Double r e c i p r o c a l  p l o t  o f  v e l o c i t y  
v e r s u s  f r u c t o s e - 1 , 6 - d i p h o s p h a t e  c o n c e n t r a t i o n  f o r  
f r u c t o s e - 1 , 6 - d i p h o s p h a t a s e .  Assay c o n d i t i o n s  d e s c r i b e d  
i n  methods.  O ,  no i n h i b i t o r ;  iû, 10 mM AMP.
FRUCTOSE-1,6- DIPHOSPHATASE
20 A 10 mM AMP 
0  control





t r a n s a m in a t e d  to  p y r u v a t e ,  th e n  c a r b o x y la t e d  to  OAA ( 5 ^ ) .
Thus t h e  q u e s t i o n  was a sked  whe ther  o r  n o t  L - a l a n i n e  could  
a l s o  s e rv e  the  same f u n c t i o n  i n  A. c r v s t a l l o p o i e t e s  d u r in g  
r o d - f r a g m e n t a t i o n .  From i n h i b i t o r  s t u d i e s  i t  was found t h a t  
FFA c o u ld  i n h i b i t  a l a n i n e  e x - k e t o g l u t a r a t e  t r a n s a m in a se  i n  a 
c o m p e t i t iv e  f a s h i o n  ( F i g u r e  20 ) .  Since FFA a r e  r e l e a s e d  
d u r in g  r o d - f r a g m e n t a t i o n ,  and found to  i n h i b i t  a l a n i n e  
t r a n s a m in a s e ,  i t  i s  s u g g e s t e d  t h a t  L - a l a n i n e  i s  no t  a g lu c o ­
n eo gen ic  p r e c u r s o r  d u r in g  r o d - f r a g m e n t a t i o n .  The id ea  i s  
f u r t h e r  su p p o r te d  by t h e  f a c t  t h a t  L - a l a n i n e  was unable  to  
i n h i b i t  p y ru v a te  k in a s e  a c t i v i t y  o f  A. c r v s t a l l o p o i e t e s . I f  
th e  amino a c i d  lÀras g lu c o n e o g e n ic ,  p y ru va te  k in a s e  i n h i b i t i o n  
would have been  e x p ec te d  i n  o r d e r  to  p r e v e n t  u n n e c e s sa ry  
r e c y c l i n g  o f  PEP d u r in g  g l u c o n e o g e n e s i s . For example , i n  
r a t  l i v e r ,  where a l a n i n e  i s  g lu c o n e o g e n ic ,  the  amino a c i d  
does i n h i b i t  p y ru v a te  k i n a s e ;  whereas i n  r a t  m usc le ,  where 
a l a n i n e  i s  n o n - g lu c o n e o g e n ic , t h e  amino a c i d  does n o t  i n h i b i t  
p y r u v a t e  k i n a s e  ($40.  The py ru v a te  k in a s e s  o f  l i v e r  and 
muscle a r e  p ro b a b ly  i sozym es .
4 .  The P h o s p h o f ru c to k in a s e  of  
A. c r v s t a l l o p o i e t e s
Glucose was found  t o  be a poor s u b s t r a t e  f o r  growth 
o f  A. c r v s t a l l o p o i e t e s . and enzymes such as  p h o sp h o f ru c to ­
k i n a s e  (PFK), in v o lv e d  i n  m etabol ism  o f  g lu c o s e ,  a re  be ­
l i e v e d  t o  s e r v e  p r i m a r i l y  a b i o s y n t h e t i c  r o l e ,  r a t h e r  t h a n  a 
key r o l e  i n  the  r e g u l a t i o n  o f  energy  m e ta b o l i s h  ( 3 0 ) .  I n
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F i g .  2 0 .— Double r e c i p r o c a l  p l o t  o f  v e l o c i t y  
v e r s u s  a l a n i n e  c o n c e n t r a t i o n  f o r  a l a n i n e  < * - k e to g lu t a r a t e  
t r a n s a m in a s e .  Assay c o n d i t i o n s  d e s c r i b e d  i n  methods.
0, no i n h i b i t o r ;  # ,  16 .7  mM sodium o c t a n o a t e ;  A ,  1 .0  mM 
sodium l a u r a t e .
ALANINE a-KET06LUTARATE TRANSAMINASE
•  16.7 mM octanoate 
A 1.0 mM laurate 
O control
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a d d i t i o n ,  s u c c i n a t e ,  amino a c i d s ,  and f a t t y  a c i d s  a p p e a r  to  
p ro v id e  the  main s o u r c e  of  en e rg y  f o r  th e  morphogenesis  of 
A. c r y s t a l l o p o i e t e s  ( 3 0 ) .
P h o s p h o f r u c to k in a s e  i s o l a t e d  from p l a n t ,  a n im a l ,  and 
b a c t e r i a l  so u rc e s  has been  found to  be a h i g h l y  r e g u l a t e d  
enzyme, c l o s e l y  a s s o c i a t e d  w i t h  the  c o n t r o l  o f  c e l l u l a r  
energy  m etabol ism  (50 ,  52) .  An example o f  such r e g u l a t i o n  i s  
d em o n s t ra ted  by the  r e s p o n s e  o f  PFK to  a d e n y la t e  or  energy  
charge  c o n t r o l  (1 ,  3 ) ,  and i t s  r e s p o n s e  to  such a l l o s t e r i c  
e f f e c t o r s  as  c i t r a t e ,  PEP, and (2 7 ,  4-9, 50).
The PFK i s o l a t e d  from A. c r v s t a l l o p o i e t e s  was found 
to  f o l lo w  s im ple  M ic h ae l i s -M en ten  k i n e t i c s  w i th  r e s p e c t  to 
s u b s t r a t e  f r u c t o s e - 6 - p h o s p h a t e ,  and d e m on s t ra ted  no s ig m o id a l  
k i n e t i c s ,  a  c h a r a c t e r i s t i c  o f t e n  a s s o c i a t e d  w i th  r e g u l a t o r y  
enzymes. F u r th e rm o re ,  the  enzyme a p p ea re d  to  l a c k  any  k ind  
o f  a d e n y la t e  o r  en e rg y  charge  c o n t r o l .  Enzyme a c t i v i t y  was 
n o t  i n h i b i t e d  by e x c e s s  ATP (10 mM), nor  a f f e c t e d  by ADP,
AMP, or  3 ' , 5 ' - ( c y c l i c ) - A M P  i n  c o n c e n t r a t i o n s  up to  10 mM.
In  a d d i t i o n ,  enzyme a c t i v i t y  was n e i t h e r  i n h i b i t e d  by c i t r a t e  
(10 mM) or PEP (10 mM), nor  a c t i v a t e d  by (10 mM). From 
a H i l l  p l o t  o f  PFK as shown i n  F ig u r e  21, an  i n t e r a c t i o n  
c o e f f i c i e n t  o f  1 .0  ( n = 1 .0) was o b ta in e d  su g g e s t in g  t h e  l a c k  
of  i n t e r a c t i o n  be tween s u b s t r a t e  b in d in g  s i t e s ,  or l a c k  of  
homotrop ic  c o o p e r a t i v i t y  ( 9 ) .
The PFK o f  A. c r v s t a l l o p o i e t e s  was d i f f e r e n t  from 
PFK i s o l a t e d  from o t h e r  m i c r o b i a l  so u r c e s  i n  t h a t  th e
7^
F ig .  21 . — H i l l  p l o t  o f  p h o sp h o f ru c to k in a se  w i t h  
r e s p e c t  to  s u b s t r a t e  f r u c t c s e - 6 - p h o s p h a t e .  A s lo p e  or  
i n t e r a c t i o n  c o e f f i c i e n t  (n)  o f  1 .0  was o b t a i n e d .  Assay 
c o n d i t i o n s  d e s c r i b e d  i n  methods.
PFK PURIFIED
n^i.o
-.20 O .20 .40
LOG (CF-6-PJ X10"' ) mM
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enzyme f o l lo w e d  s im ple  M ichae l i s -M en ten  k i n e t i c s  and a p p ea re d  
t o  l a c k  an e x t e n s i v e  ty p e  o f  r e g u l a t i o n .  Since  g lu c o s e  i s  
n o t  th e  main so u rc e  of energy  d u r in g  the  m orphogenes is  o f  
A. c r y s t a l l o p o i e t e s , p e rh a p s  th e  PFK of  A. c r v s t a l l o p o i e t e s  
has v e ry  l i t t l e  t o  do w i t h  the  r e g u l a t i o n  o f  i t s  own energy  
m etabo l ism .  T h is  cou ld  e x p l a i n  th e  l a c k  o f  r e s p o n s e  o f  PFK 
t o  a d e n y l a t e  o r  energy  charge  c o n t r o l ,  and th e  l a c k  o f  r e ­
sponse t o  o t h e r  e f f e c t o r s  such as  c i t r a t e ,  PEP, and  NHÎ .̂ I f  
energy  r e g u l a t i o n  o c c u r re d  a t  s i t e s  o th e r  th a n  PFK d u r in g  
morphogenes is ,  t h e n  one might  e x p e c t  a r e l a t i v e l y  s im ple  
type of  PFK r a t h e r  t h a n  a h i g h l y  r e g u l a t e d  PFK. The i d e a  i s  
f u r t h e r  su p p o r te d  by t h e  f a c t  t h a t  Bauman and W right  (6)  had 
r e c e n t l y  i s o l a t e d  a PFK from D ic tv o s t e l i u m  d isc o id e u m  which 
was found t o  be weakly r e g u l a t e d ,  and fo l lo w ed  s im p le  
M ichae l i s -M en ten  k i n e t i c s .  A common c h a r a c t e r i s t i c  o f  b o th  
A. c r v s t a l l o p o i e t e s  and JD- d isco ideum  i s  t h a t  d u r in g  morpho­
g e n e s i s  each o rganism  u t i l i z e s  f a t s  or p r o t e i n s  a s  a n  
i n t e r n a l  ene rg y  s o u r c e ,  r a t h e r  th a n  exogenous g l u c o s e .  Thus 
the  need  f o r  a  h i g h l y  r e g u l a t e d  PFK to  h e lp  c o n t r o l  e n e rg y  
m etabol ism  d u r in g  m orphogenesis  o f  A. c r v s t a l l o p o i e t e s  may 
be t o t a l l y  u n n e c e s s a r y .
I I I .  A Model t o  E x p la in  Some of  the  
Under ly ing  M olecu lar  Events  o f  
Sphere-Rod Morphogenesis o f  
A. c r v s t a l l o p o i e t e s
From t h e  e x p e r im e n ta l  d a t a  a model has  been  p r o ­
posed t o  e x p l a i n  on a m o le c u la r  l e v e l  th e  u n d e r l y i n g  e v e n ts
11
a s s o c i a t e d  w i t h  t h e  s p h e r e - r e d  morphogenesis  o f  A. c r y s t a l ­
l o p o i e t e s  . The model i s  main ly  concerned w i th  two s t a g e s  o f  
growth ,  r o d - f o r m a t i o n  and r o d - f r a g m e n t a t i o n .
During r o d - f o r m a t i o n  s u c c i n a t e  i s  c o n v e r t e d  to  
m a la t e ,  which i n  t u r n  i s  o x id iz e d  by the  m a l ic  enzyme p ro ­
v i d in g  th e  p r e c u r s o r s  f o r  i n c r e a s e d  l i p o g e n e s i s .  A diagram 
o f  th e  c h a i n  o f  ev en ts  i s  shown i n  F ig u re  22.
During r o d - f r a g m e n t a t i o n  accum ula ted  f a t s  a r e  
u t i l i z e d  a s  an  i n t e r n a l  energy  s o u r c e ,  and p r o v i d e  a lo ng  w i th  
g l u t a m a t e ,  n e c e s s a r y  c a rb o h y d ra te  p r e c u r s o r s  f o r  c r o s s ­
septum and c o c c o i d a l  w a l l  f o r m a t io n .  F u r th e r m o r e ,  du r in g  
r o d - f r a g m e n t a t i o n  a c t i v e  g lu co n e o g en e s i s  can  s u p p l y  th e  i n ­
c re a s e d  amounts o f  s e r i n e  and g ly c in e  found to  be  p r e s e n t  
i n  th e  w a l l s  o f  c o c c o id a l  c e l l s  ( 3 1 ) .  A d iag ram  of  th e  c h a in  
o f  e v e n t s  i s  shown i n  F ig u re  23.
As a  r e s u l t  o f  the  s h i f t  i n  m etabo l i sm  from  i n ­
c re a s e d  l i p o g e n e s i s  du r in g  r o d - f o r m a t io n ,  to  i n c r e a s e d  
g lu c o n e o g e n e s i s  d u r in g  r o d - f r a g m e n t a t i o n ,  the  q u e s t i o n  was 
a sk e d ,  what compound might a c t  a s  a t r i g g e r i n g  mechanism. A 
l i k e l y  c a n d i d a t e  i s  3 ' , 5 ' ' - ( c y c l i c ) - A M P .  C y c l i c  AMP has 
a l r e a d y  b e e n  i d e n t i f i e d  as  the  a c t i v e  component which i n i ­
t i a t e s  t h e  morphogenesis  o f  D. d isco ideum  ( 2 8 ) ,  and has  
been  shown to  be th e  chemical  messenger  i n  the  s t i m u l a t i o n  
o f  g lu c o n e o g e n e s i s  i n  r a t  l i v e r  ( 6 0 ) .  I n  a d d i t i o n ,  c y c l i c  
AMP has  b e e n  i m p l i c a t e d  i n  the  a c t i v a t i o n  o f  l i p o l y s i s  o f  
r a t  l i v e r  by s t i m u l a t i n g  l i p a s e  a c t i v i t y  ( 5 6 ) .  T h e r e f o r e ,
78
J u s t  p r i o r  t o  r o d - f r a g m e n t a t i o n  pe rhaps  a c r i t i c a l  concen­
t r a t i o n  o f  c y c l i c  AMP accu m u la te s  and i s  th u s  a b l e  to  
i n i t i a t e  r o d - f r a g m e n t a t i o n .
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F i g .  2 2 . —A diagram d e p i c t i n g  th e  pathways r e ­
s p o n s i b l e  f o r  th e  i n c r e a s e d  r a t e  o f  l i p o g e n e s i s  d u r ing  
r o d - f o r m a t i o n  o f  A r t h r o b a c t e r  c r v s t a l l o p o i e t e s .
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F ig .  2 3 . —A diagram d e p i c t i n g  th e  pathways r e ­
s p o n s i b l e  f o r  the  i n c r e a s e d  r a t e s  o f  l i p o l y s i s  and 
g lu c o n e o g e n e s i s  d u r in g  r o d - f r a g m e n t a t i o n  o f  A r t h r o b a c t e r  
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A. c r y s t a l l o p o i e t e s  undergoes  s p h e r e - r o d  morpho­
g e n e s i s  when grown on a g lu co se -m in im a l  s a l t s  medium p lu s  
s u c c i n a t e .  C h a r a c t e r i s t i c  changes i n  th e  s p e c i f i c  a c t i v i t y  
o f  a number of  enzymes and m e t a b o l i t e s  were found as  a f u n c ­
t i o n  o f  th e  l i f e  c y c le  o f  the  o rgan ism .  For example ,  d u r in g  
r o d - f o r m a t i o n  t h e r e  was found to  be an i n c r e a s e  i n  the  s p e ­
c i f i c  a c t i v i t y  o f  g lu c o s e - 6 - p h o s p h a t e  dehydrogenase  and the  
m al ic  enzyme, w h i l e  d u r in g  r o d - f r a g m e n t a t i o n  t h e r e  was an  
i n c r e a s e  i n  s p e c i f i c  a c t i v i t y  o f  i s o c i t r a t e  l y a s e ,  l i p a s e ,  
f r u c t o s e - 1  , 6 - d i p h o s p h a t a s e ,  NADP i s o c i t r a t e  dehydrogenase ,  
and NADP g lu ta m a te  dehydrogenase .
The e f f e c t  o f  v a r i o u s  a l l o s t e r i c  m o d i f i e r s  on en­
zym atic  a c t i v i t y  was a l s o  d e te rm in e d .  I t  was found t h a t  FFA 
cou ld  s e l e c t i v e l y  i n h i b i t  t h o se  enzymes in v o lv e d  i n  g l y ­
c o l y s i s  or  l i p o g e n e s i s ,  b u t  n o t  i n h i b i t  t h o se  enzyme in v o lv e d  
i n  g l u c o n e o g e n e s i s .  I t  was a l s o  found t h a t  g l y o x y l a t e  and 
OAA c o u ld  produce  a c o n c e r t e d  i n h i b i t i o n  o f  NADP i s o c i t r a t e  
dehydrogenase  which cou ld  be o f  r e g u l a t o r y  s i g n i f i c a n c e .  I n  
a d d i t i o n ,  i t  was found t h a t  g l y c o l y t i c  enzyme,
83
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p h o s p h o f r u c to k i n a s e ,  fo l lo w ed  s im ple  M ic h ae l i s -M en ten  k i n e t ­
i c s ,  and l a c k e d  e x t e n s i v e  a l l o s t e r i c  r e g u l a t i o n .  The enzyme 
was th u s  c o n s i d e r e d  n o t  to  p lay  a key r o l e  i n  th e  r e g u l a t i o n  
o f  c e l l u l a r  energy  m etabol ism .
F i n a l l y ,  from th e  e x p e r im e n ta l  d a t a  a m o le c u la r  model 
was p roposed  to  e x p l a i n  some of  th e  u n d e r ly in g  e v e n t s  which 
a r e  b e l i e v e d  to  occur  d u r in g  the  s p h e r e - r o d  m orphogenesis  o f  
A. c r v s t a l l o p o i e t e s .
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